In developing countries, the treatment of wounds and burns poses a significant problem. Wound healing is a natural, dynamic and interactive mechanism that involves various components such as soluble mediators, the extracellular matrix, blood cells and parenchymal cells. Wound healing involves three stages, namely the inflammatory stage, the proliferative stage, and the remodeling stage. The remodeling stage is the most important phase as it determines the strength and manifestation of the healed tissue. Wound healing is a complex series of interrelated events that are mediated through these phases by a wide range of chemically coordinated cellular processes as well as hormonal influences[@b1]. Wound healing commences at the time an injury occurs and progresses for varying lengths of time based on the extent of the injury. Subsequently, after an injury, an inflammatory response is triggered and cells located under the dermis increase the synthesis of collagen production and regenerate epithelial tissue[@b2]. Wound repair is an immune-mediated physiological mechanism and in which the skin repairs itself after an injury[@b3]. However, wound healing can have severe complications that invoke high costs for therapy; therefore, it is necessary to develop more efficacious methods to heal wounds and burns in order to improve healing and reduce the cost involved[@b4].

Schiff bases are considered to be an important category of organic agents in the field of medicinal chemistry[@b5][@b6], and the study of new Schiff base complexes with therapeutic efficacy has drawn the interest of many researchers[@b7]. Schiff bases, along with their complexes, are multipurpose agents resulting from the reaction of an amino compound with a carbonyl agent. These materials are extensively utilized for industrial purposes as well as for biological applications due to their antifungal, antibacterial, antiviral, antiproliferative, antimalarial, anti-inflammatory, antipyretic activities[@b8]. Cobalt has been found to be a core factor in the active site of vitamin B12 (cobalamin), which indirectly controls the production of DNA. Cobalamin functions as a carrier ligand and contributes to the accumulation of metallodrugs in cancer cells, since proliferating cells demand higher quantities of vitamin B12 as compared to resting cells[@b9]. Cobalt complexes that have undergone structural characterization are used as hydrolytic agents for DNA cleavage[@b10][@b11] and have been shown to possess antitumor, anti-proliferative, antimicrobial, antifungal, antiviral and antioxidant activity[@b12].

Recently, a Co (III) Schiff base complex (Doxovir) was successful in a phase II clinical trial for the treatment of herpes simplex virus[@b13]. This study was designed to investigate the wound healing potential of applying a new Co (II) complex with a Schiff base derived from 4-dimethylaminobenzaldehyde with L-asparagine in rats.

Methodology and Materials
=========================

Chemicals, reagents and drugs
-----------------------------

All chemicals and reagents were purchased from Sigma (Sigma Aldrich, Germany) and used without further purification. University Malaya Medical Centre Pharmacy supplied the Lignocaine HCl (Delta Veterinary Laboratory PTY LTD, NSW 20011) and Intrasite gel (a product of Smith and Nephew Healthcare Limited). Intrasite gel can be used at every stage of the wound healing process[@b14]. CMLA ([Fig. 1](#f1){ref-type="fig"}) was dissolved as described by Shetty *et al*. with some alterations using the vehicle (gum acacia) in normal saline[@b15].

Formation of the Schiff base
----------------------------

The Schiff base formed from 4-dimethylaminobenzaldehyde and L-asparagine was prepared by the addition of 25 ml of a 4-dimethylaminobenzaldehyde solution in ethanol (1.49, 0.01 mol) to the same volume of an ethanolic solution of L-asparagine (0.01 mol). This was then heated to reflux for two hours. The end product was collected by filtration, cleaned with ethanol a few times and recrystallized using boiled ethanol[@b16].

Formulation of Schiff base metal complexes
------------------------------------------

First, the metal complexes were processed. Metal complexes were formulated by mixing 25 ml of the ethanolic solution of the prepared Schiff base (0.01 mol) and aqueous ammonia. The solution was then subjected to reflux for 2 hours and subsequently filtered. The metal complexes that had been filtered were then washed with hot ethanol until they turned colorless. Air drying the final product over phosphorus penta-oxide constituted the final step[@b16]. Elemental analysis and spectral characterization for the ligand and its metal complex are presented in [Table 1](#t1){ref-type="table"}.

Ethical issues
--------------

All the procedures were performed in accordance with the approved guidelines of the Institutional Animal Ethical Committee of the University of Malaya \[Ethics certificate no. (PM/27/7/2014/RAB (R)\]. Healthy Sprague-Dawley rats with an average body weight of 230--250 g were provided by the Animal House, Faculty of Medicine, University of Malaya, Kuala Lumpur. The rats were fed a standard diet and tap water *ad libitum*, and were kept separately in cages with wide-mesh wire bottoms to prevent coprophagia throughout the experiment.

Acute toxicity test and experimental animals
--------------------------------------------

To determine the safe dosage of CMLA, an acute toxicity study was conducted. Thirty-six Sprague Dawley rats (18 males and 18 females) were arranged into three groups and treated with vehicle (0.5% CMC, 5 ml/kg), or given 500 or 1000 mg/kg of CMLA (5 ml/kg) orally. The animals were deprived of food overnight before dosing. After dosing, food was withdrawn for an additional 3 to 4 h. The subjects were monitored for 48 h for toxicological symptoms. Death of the animals was also recorded throughout the experiment. On the 15^th^ day, the animals were overdosed with xylazine and ketamine. Histological, hematological and serum biochemical parameters were assessed following standard methods[@b17][@b18].

Experimentally inflicted wounds
-------------------------------

Male Sprague Dawley rats were randomly segregated into four groups of 12 rats each and caged individually. The animals were anesthetized with 0.09 ml of ketamine i.m. (30 mg/kg, 100 mg/ml) and 0.01 ml of Xylazil i.m. (3 mg/kg, 100 mg/ml) prior to the creation of wounds. The dorsal neck of each rat was shaved using an electrical shaver, disinfected with 70% ethanol and injected with 1 ml of lignocaine HCl 2% 20 (mg/ml) as a local anesthetic. Using a circular stamp (2 cm in diameter), an impression was made in the dorsal thoracic region, 1 cm away from the vertebral column and 5 cm away from the ear, then an excision wound was created by cutting out the full thickness of skin that had been marked by the stamp[@b4].

Topical application of vehicle
------------------------------

The wounds of Group 1 rats were treated with 0.2 ml of gum acacia in normal saline, twice a day; this served as the control group. The wounds of Group 2 rats were treated with 0.2 ml Intrasite gel twice a day and served as a reference standard control. The wounds of rats in Groups 3 and 4 were treated with 0.2 ml of CMLA (10 or 20 mg/kg, respectively) twice a day. The wounds were observed daily throughout the experiment and animals were euthanized when complete wound healing took place.

Estimation of the rate of wound healing (wound closure)
-------------------------------------------------------

Progressive changes in wound healing were assessed by tracing the wound area on transparent tracing paper on days 1, 5, 10 and 15 post-wound surgery. Transparent paper was laid over the wound and the wound limits were traced it on it using a permanent marker. The wound area was then quantified using graph paper. The tracing paper was placed on a sheet of graph paper (2 mm^2^) and the number of squares within the wound area was counted[@b19]. The percentage of wound contraction was measured, using the initial area and the areas determined on days 1, 5, 10 and 15 using the following formula[@b15]:

where n = number of days (5, 10, 15) days that the healed area was read.

After healing was complete, the healed skin was excised under anesthesia and placed in PBS for homogenization or in 10% buffered formalin for histological evaluation.

Preparation of tissue homogenates
---------------------------------

Wound tissues were rinsed with ice-cold saline as the initial step. Samples were then homogenized using a homogenizer (Polytron, Heidolph RZR 1, and Germany). The homogenate was processed on ice at a concentration of 10% (w/v) in potassium phosphate buffer (50 mM, pH 7.8) containing mammalian protease inhibitors. The homogenates were then centrifuged for 30 minutes at 4,500 rpm and 4 °C.

Lipid peroxidation and antioxidant activity in granulation tissue
-----------------------------------------------------------------

Wound tissue collected and tissue homogenates were prepared for the measurement of antioxidant enzyme activity, i.e. glutathione peroxidase (GPx) and superoxide dismutase (SOD). The level of lipid peroxidation was then assessed by determining the level of malondialdehyde (MDA) using a commercial kit according to the manufacturer's instructions (Cayman, Michigan, USA).

Histological examination
------------------------

Sample pieces of skin were taken from healed injuries from each rat and placed in 10% buffered formalin solution to facilitate histopathological studies. Healed skin samples were cut at a thickness of 5 μm and stained with hematoxylin and eosin (H&E). Histopathological changes were then observed and recorded.

Masson's trichrome staining
---------------------------

Wound tissue samples were stained for collagen using Masson's Trichrome (Sigma, USA). All sample slides were inspected using a light microscope and images were captured using a Nikon microscope (Y-THS, Japan).

Immunohistochemical staining
----------------------------

Using a hot air oven, tissue section slides were heated at 60 °C for about 25 minutes (Venticell, MMM, Einrichtungen, Germany). The tissue sections were de-paraffinized in xylene and rehydrated with a graded alcohol series. The sample slides were boiled in 10 mM sodium citrate buffer in a microwave for antigen retrieval. Next, 0.03% hydrogen peroxide containing sodium azide was applied for 5 minutes to block endogenous peroxidase. Tissue sections were then washed gently with wash buffer, then incubated with biotinylated primary antibodies against Hsp70 (1:500), Bax (1:200) and TGF-β (1:500) (Abcam, UK) for 15 minutes. The tissue sections were washed gently with wash buffer and placed in a buffer bath. Next, the slides were placed in a humidified chamber with a sufficient amount of streptavidin-HRP (streptavidin conjugated to horseradish peroxidase in PBS containing an anti-microbial agent) for 15 minutes. Diaminobenzidine-substrate-chromagen was added to the tissue sections and incubated for another 5 minutes. This was followed by washing and counterstaining with hematoxylin for 5 sec. The tissue sections were then dipped in weak ammonia (0.037 mol/L) 10 times and washed with distilled water. Positive immunohistochemical findings were observed by the formation of brown staining and assessed by light microscopy.

Morphometric analysis
---------------------

Images for analysis which were captured (Nikon Y-THS, Japan) by two experienced observers in an independent fashion, blinded to the control and experimental groups. The mean percentage of inflammatory cells and fibroblasts were determined in high power fields (HPF) at 40× magnification. For collagen, Bax and Hsp70 stained areas on each slide were examined microscopically under (HPF) at 100× magnification in each experimental group and the control group using an optical image analyzer (Imager Plus 4.5, Media Cybernetics, Silver Spring, MD). The findings are reported as the mean percentage of cells or stained area. A value of P \< 0.05 was considered statistically significant[@b20].

Western blotting
----------------

Homogenized samples of dermal wounds were separated on 4--20% sodium dodecyl sulfate (SDS-PAGE) gels and the proteins were transferred to polyvinylidene fluoride (PVDF) membranes. Briefly, the membranes were blocked with 5% non-fat milk followed by incubation with a primary antibody recognizing platelet endothelial cell adhesion molecule (PECAM-1) or cluster of differentiation 31 (CD31) antibody (ab124432; 1:1000 dilution) at 4 °C overnight. The membranes were washed and incubated with HRP-conjugated goat anti-rabbit IgG. Band densities were normalized to the total amount of protein loaded in each well, as determined by densitometry analysis of the PVDF membranes stained with Amersham ECL Prime Western Blotting Detection Reagent (GE Healthcare). The proteins were visualized by chemiluminescence (UVP, Bio Spectrum, USA) and the densities of specific bands were quantified by densitometry using Image J software version 1.37 (NIH, USA)[@b20]. The housekeeping protein β-actin (1:1000) was used as the loading control.

Statistical analysis
--------------------

All findings are reported as the mean ± SEM. Data obtained from these experiments were examined using the Statistical Package for the Social Sciences (SPSS 18, SPSS Inc., Chicago, IL). One-way analysis of variance (ANOVA) and Dennett's post hoc test for average comparison were utilized. *P* \< 0.05 was considered statistically significant.

Findings
========

Acute toxicity study
--------------------

An acute toxicity study was performed whereby the rats were administered with CMLA at a dose of 500 mg/kg or 1000 mg/kg. The rats were observed for 14 days. The outcomes revealed that all the animals remained alive and did not display any significant signs of toxicity at the administered doses. The clinical observations, histopathology and serum biochemistry data did not reveal any noticeable differences between the treated groups and the control ([Fig. 2](#f2){ref-type="fig"} and [Table 2](#t2){ref-type="table"}).

Evaluation of wound healing
---------------------------

The observations revealed that wounds treated with CMLA or with the Intrasite gel revealed some signs of dermal healing and healed relatively faster in comparison with the group that was given the placebo control treatment (gum acacia in normal saline) ([Fig. 3](#f3){ref-type="fig"} and [Table 3](#t3){ref-type="table"}). Rats with wounds dressed with the higher CMLA dose of 20 mg/kg demonstrated a wound healing rate equivalent to that of Group 2 (Intrasite gel). Rats that received the low CMLA dose of 10 mg/kg showed a faster wound healing rate than that of Group 1, but healing was slower than the rates observed in Group 2 and Group 4 ([Fig. 3](#f3){ref-type="fig"} and [Table 3](#t3){ref-type="table"}).

[Table 4](#t4){ref-type="table"} shows the effect of CMLA on the percentage of wound healing over time. The rats treated with a high dose of CMLA (Group 4) had a similar percentage of healing as rats treated with Intrasite gel (Group 2), and better results than the rats treated with the low dose of CMLA (Group 3).

Histological assessment
-----------------------

Microscopic images of H&E stained tissue sections at 4× magnification are displayed in [Fig. 4](#f4){ref-type="fig"}. The microscopic appearance of skin from the gum acacia rats (Group 1) showed a greater scar width at 4× magnification, along with many invasive inflammatory cells, few fibroblasts and blood vessels, and minimal signs of collagen. Skin from animals treated with Intrasite gel and the high dose of CMLA (Groups 2 and 4) showed a reduction in scar width at 4× magnification, fewer inflammatory cells, more fibroblasts and blood vessels, and mild collagen deposition. The skin of rats given the low dose of CMLA (Group 3) showed a reduction in scar width at 4× magnification, with fewer inflammatory cells, more fibroblasts and blood vessels and moderate collagen deposition compared to rats treated with gum acacia (Group 1). However, the healing was not as good as that noted in Group 2 and Group 4. Morphometric image analysis confirmed the effect of CMLA treatment on wound healing in rats.

Antioxidant enzyme activities and MDA levels in wound tissue
------------------------------------------------------------

GPx and SOD activities and MDA levels were measured ([Fig. 5](#f5){ref-type="fig"}). The results show that, in comparison with Group 1, GPx and SOD were significantly increased in Groups 2 and 4. In addition, a notable reduction in the MDA level was observed in the tissue obtained from animals treated with CMLA compared with levels in tissue from the control group.

Immunohistochemistry
--------------------

Bax, Hsp70 and TGF-β staining of the skin from all experimental groups is shown in [Fig. 6](#f6){ref-type="fig"}. Skin tissues from the gum acacia treated group (Group 1) showed more intense Bax staining compared with the groups administered with Intrasite gel and CMLA. The skin from the Intrasite gel and CMLA treated groups (Groups 2, 3 and 4) showed less intense of Bax staining, indicating that the treatment induced apoptosis. These findings indicate that CMLA can accelerate wound healing by increasing apoptosis in damaged skin. On the other hand, skin tissues from the gum acacia treated group (Group 1) showed very little Hsp70 and TGF-β expression, indicating a delay in healing with an increased number of inflammatory cells. However, skin from the Intrasite gel and CMLA treated groups (Groups 2, 3 and 4) showed more Hsp70 and TGF-β expression, indicating an improvement in the healing process with fewer inflammatory cells. Rats treated with CMLA at the doses of 10 and 20 mg/kg showed similar outcomes as Intrasite gel treated rats for both of these parameters.

Western blotting
----------------

The effect of CMLA on CD31 expression in the tissue homogenates of dermal wounds in the different experimental groups are shown in [Fig. 7](#f7){ref-type="fig"}. Throughout the western blot analysis, we undertook a comparable analysis of CD31 protein in the tissue homogenates of each group where β-actin was used as the loading control. The results show that CD31 expression was significantly greater in rats that received the CMLA (Groups 3 and 4) compared with the gum acacia group (Group 1). Moreover, the expression of CD31 in the Intrasite gel group (Group 2) was significantly higher than in the gum acacia group. These results confirm the ability of CMLA to enhance angiogenesis and increase vascularization.

Discussion
==========

The elemental analysis data of the Schiff base complex ([Table 1](#t1){ref-type="table"}) revealed the formation of a 1:1 \[M: L\] ratio. It was found that the theoretical values were in a good agreement with those identified in the present study. The purity of the Schiff base complex was further studied using the TLC technique and elemental (C, H and N) analysis. The IR spectrum of the L-asparagine Schiff base complex showed a band at 1576 cm^−1^ attributed to ν(C = N) of azomethine; changes in this band indicate its involvement in complexation with metal ions. The infrared spectral results of the same Schiff base complexes showed a band at 1611 cm^−1^, suggesting the existence of COO- groups in the L-asparagine compound. This band appeared in a higher region compared to its original position in the free ligand of 1506 cm^−1^. The same spectrum displayed a broad band at 3465 cm^−1^, attributed to the presence of water molecules during complex formation. The discovery of new bands at 596 cm^−1^ and 678 cm^−1^ that were attributed to ν(M--N) and ν(M--O) vibrations confirmed the involvement of nitrogen and oxygen atoms in coordination with metal ions. The electronic spectrum of the Co (II) complex of the type \[Co L (H~2~O)~3~.(OH)\].3H~2~O showed two bands at 380 and 520 nm (12666 and 17333 cm^−1^). The first band at 380 nm was due to the ^4^T~1g~ (F) → ^4^T~2g~ (F) transition while the second band at 520 nm was assigned to the 4T~1g~ (F) → ^4^T~1g~ (P) transition. In addition, the ^1^H-NMR spectrum of the ligand showed several characteristic chemical shifts (using DMSO as the solvent): a singlet signal at 8.45 δ ppm corresponding to the hydroxyl proton, a peak at 7.9 δ ppm attributed to the azomethine proton (CH = N-), an aromatic benzene ring at 7.5--7.2 δ ppm and a peak at 3.044 δ ppm attributed to (CH~3~)~2~N. The absence of an --OH proton occurred due to complexation. There was an appreciable change in all other signals in this complex.

Wound healing or wound contracture is important as it contributes to restoring the cellular structure in damaged tissues back to a healthy condition. It is a very complex process involving many dynamic processes, starting with the fibroblastic phase in which the area of the wound shrinks. Next, in the proliferative stage, angiogenesis, collagen deposition, granulation tissue formation, epithelialization and wound contraction occur and small scar tissue forms[@b21]. The results of this experiment demonstrate that topical application of CMLA improved the rate of wound healing. It was also found that the granulation tissue contained comparatively fewer inflammatory cells, more collagen and increased angiogenesis according to the histology results. These findings support study by Mughrabi *et al*.[@b22] in which it was found that wounds treated with Bis\[benzyl N′-(indol-3-ylmethylene)-hydrazinecarbodithioato\]-zinc(II) (BHCZ) contained fewer inflammatory cells, more collagen and increased angiogenesis in the granulation tissue.

Wound healing may have occurred because of the regulation of collagen expression[@b23] and an increase in the tensile strength of the wounds[@b24]. Healing activity depends on collagen formation and angiogenesis[@b25]. Collagen is important as it is the core component needed to connect tissues and at the same time act as a framework for newly generated tissues[@b4]. Angiogenesis is a process whereby the blood circulation in the area of the wound is increased. This improves the transport of nutrients and oxygen, which are crucial for the healing process and re-epithelization of the wound site[@b25]. Thus, epithelial cell proliferation and angiogenesis are crucial for the healing process[@b26]. Habibipour *et al*.[@b27] showed that treated wounds had a high degree of fibroblast proliferation, collagen synthesis and neovascularization in their histological analysis. This increased wound tensile strength and accelerated wound healing, findings that are comparable with our western blot results on cluster of differentiation 31 (CD31) protein expression, which was increased in the groups treated with CMLA or Intrasite gel; suggesting well-formed blood vessels in these groups.

The antimicrobial features of the CMLA may improve the rate of the wound healing process by promoting wound contraction and increasing the rate of epithelialization[@b28]. Moreover, CMLA can reduce lipid peroxidation by blocking and slowing the onset of cell necrosis and improving vascularity. This findings confirm that any treatment capable of preventing lipid peroxidation can improve the viability of collagen fibers by improving their strength, improving circulation, preventing cell damage and promoting DNA synthesis[@b29].

CMLA has demonstrated antioxidant activity and previous studies have revealed that the production of antioxidants in the wound area enables wound healing[@b30]. Antioxidants have wound healing properties and can protect tissues from oxidative damage[@b31]. CMLA possesses antioxidant activity as it increased the activities of antioxidant enzymes in tissue homogenates. The reactive intermediates from oxidation could delay wound healing[@b15]. Moreover, wound healing may be accelerated by the anti-inflammatory properties of CMLA.

In this study, tissue homogenates from wounds that were treated with CMLA demonstrated notable antioxidant activity with a decrease in the level of MDA and an increase in the levels of GPx and SOD. Free radicals and reactive oxygen species (ROS) are constantly formed by the human body; ROS mediate cell damage. Intercellular and extracellular antioxidants are thus important to protect tissues from oxidative injury[@b2]. Superoxide dismutase (SOD) converts superoxide to hydrogen peroxide (H~2~O~2~), which is then converted into water by catalase in lysosomes or by glutathione peroxidase (GPx) in mitochondria[@b32]. Wound homogenates treated with gum acacia showed reduced SOD and GPx activities, which could have been caused by an increase in the production of ROS, which can curb the activity of these enzymes[@b33]. Topical application of CMLA enhanced the activities of these enzymes and prevented the harmful effects of free radicals generated in rats. Superoxide and hydroxyl radicals are vital mediators of oxidative stress that contribute to clinical disorders. Therefore, any natural or synthetic element with antioxidant properties can totally or partially reduce the harm caused by free radicals[@b34]. The removal of superoxide and hydroxyl radicals can help to defend an organism from disease. Reductions in the activities of SOD and GPx were observed in the tissue homogenates of control rats. This might have resulted from the decomposition of superoxide anions generated by lipid peroxidation. Reduced activities of these enzymes may result in several harmful effects. Dietary GPx can suppress oxidative stress *in vivo*[@b35]. Lipid peroxidation is an important pathophysiological event in several diseases[@b36]. MDA from lipid peroxidation can interact with DNA bases and induce mutagenic lesions[@b37]. Pratibha *et al*.[@b38] showed that activated oxygen species can stimulate cellular activities such as enzyme inactivation, DNA strand cleavage and membrane lipid peroxidation, which are harmful to normal cells.

Heat shock protein 70 (Hsp70) is a protein from the heat shock proteins (HSP) family. It is found in the cells of all mammals and accelerate wound healing by upregulating macrophage-mediated phagocytosis[@b39]. In addition to that, Hsp70 has the capability to protect the cells from oxidative stress as well as heat shock, and has been associated with proliferation in tissue. The appearance of Hsp70 depends on the location, the number of fibroblasts and the density of collagen fibers. Nevertheless, the differences noted in healed wound tissues might be due to the wound environment as the healing process progresses in granulation tissue from the wound margin to its center[@b40]. In the present study, groups treated with CMLA showed increased Hsp70 staining, suggesting that CMLA accelerates the wound-healing process.

Bcl-2-associated X protein (Bax) is a pro-apoptotic protein that promotes apoptosis[@b41], while B-cell lymphoma 2 (Bcl-2) is an anti-apoptotic protein that impedes this process. These proteins preserve the structure of normal proteins and repair or remove damaged proteins[@b41]. They are also vital in maintaining cellular homeostasis despite alterations in physiological and environmental factors[@b42]. Outcomes from the current study revealed that, Bax staining was decreased in the groups topically treated with CMLA or Intrasite gel, while rats treated with gum acacia showed increased Bax staining; this may indicate increased apoptosis which would decrease tissue cellularity in these animals. Moreover, our findings show that there was a delay in apoptosis in the wounds treated with gum acacia as the wounds remained open for a longer period of time. Prolonged exposure to the external influences will increase the risk of inflammation, which will persist until the wound is completely healed.

The use of transforming growth factor (TGF-β) to improve the healing of poorly vascularized or non-healing wounds in the lower equine limb and in immunocompromised, diabetic or elderly individuals could allow for better healing of acute wounds and lead to limb salvage, which would be a significant personal, economic and social advantage[@b33]. In the current study, it is possible that TGF-β was available in the extravascular environment and thus may have been capable of priming cells, leading to increased responsiveness to normal regulatory factors at the site of injury. This was noted in the treated groups and may have been facilitated by the presence of CMLA.

One of the important findings in this experiment was that CMLA did not trigger any pain or irritation in the subjects. The rats did not show any signs of biting or scratching in the wound area where the CMLA was applied. They also did not display any signs of restlessness. As for the surgical process used to create the wounds, treatment and dressing were performed under sterile conditions. Wounds that displayed any signs of infection were excluded from this study.

Conclusion
==========

CMLA revealed remarkable wound healing properties. The histology results on day 15 after wound creation revealed less scarring of the wound area. The granulation tissue contained fewer inflammatory cells, as well as more collagen, fibroblasts and capillaries when compared to the wounds of rats treated with gum acacia. Furthermore, CMLA significantly increased antioxidant defense enzyme (GPx and SOD) activity in wound homogenates and decreased MDA levels. These findings were confirmed by immunohistochemistry, which revealed the upregulation of Hsp70 along with TGF-β and the downregulation of Bax proteins.
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![Chemical structure of CMLA \[Co L (H~2~O)~3~(OH)\]3H~2~O.](srep38748-f1){#f1}

![Effect of CMLA on histological sections of the liver and kidney in rats.\
(**A**,**B**) Rats treated with vehicle. (**C**,**D**) Rats treated with 500 mg/kg of CMLA. (**E**,**F**) Rats treated with1000 mg/kg of CMLA. There is no significant difference in the architecture of the livers (**A**,**C**,**E** 10× magnifications) and kidneys (**B**,**D**,**F** 20× magnifications) between the treated and control groups (H &E stain, (A-F 20× magnifications Hematoxylin and eosin stain).](srep38748-f2){#f2}

![The gross appearance of wound healing on day 15.\
(G1) Gum acacia-treated group showing incomplete wound healing, (G2) Intrasit gel group showing complete wound healing, (G3) 10 mg/ml of CMLA group showing almost complete wound healing, (G4) 20 mg/ml of CMLA group showing complete wound healing.](srep38748-f3){#f3}

![Effect of CMLA on histological section (H&E) and Masson's Trichrome staining of healed wound on day 15 post-surgery.\
The arrow showed epithelialization. S-Scab; E-Epidermis; D-Dermis; GT-Granulation tissue; C-Capillaries. (G1) Gum acacia group showing incomplete wound healing enclosure and few degree and alignment of collagen (G2) Intrasit gel group showing complete wound healing enclosure and a greater degree and alignment of collagen (G3) 10 mg/ml of CMLA group showing narrow scar region of wound closure and moderate degree and alignment of collagen. (G4) 20 mg/ml of CMLA group showing complete wound healing enclosure and more degree and alignment of collagen (H&E stain 4×), (Masson's Trichrome stain 100×). Image analysis was executed using an optical image analyzer (ImagePro Plus 4.5, Media Cybernetics, Silver Spring, MD). Data was expressed as the mean ±SEM (n = 6) and analyzed using one way analysis of variance ANOVA followed by Dunnett's post hoc test for average comparison on SPSS 18.0. Mean values ± SEM were used. Significance was defined as \*p \< 0.05 compared to G1.](srep38748-f4){#f4}

![The effects of CMLA on MDA, SOD and GPx in tissue homogenates of dermal wounds rats.\
(G1) Gum acacia group. (G2) Intrasit gel group, (G3) 10 mg/ml of CMLA and (G4) 20 mg/ml of CMLA group. Statistical Analysis of the data were carried out using one way analysis of variance (ANOVA) and Dennett's post hoc test for average comparison on SPSS 18.0. Mean values ± SEM were used. Significance was defined as \**p* \< 0.05 compared to Gum acacia.](srep38748-f5){#f5}

![Immunohistochemical staining (Hsp70, Bax and TGF-β) of healed wound section on day 15 post-surgery.\
(G1) Gum acacia group. (G2) Intrasit gel group, (G3) 10 mg/ml of CMLA and (G4) 20 mg/ml of CMLA group (Magnification 100×). Image analysis was executed using an optical image analyzer (ImagePro Plus 4.5, Media Cybernetics, Silver Spring, MD). Data was expressed as the mean +-SEM (n = 6) and analyzed using one way analysis of variance ANOVA followed by Dunnett's post hoc test for average comparison on SPSS 18.0. Mean values ± SEM were used. Significance was defined as \*p \< 0.05 compared to G1.](srep38748-f6){#f6}

![The effect of CMLA on CD31 expression in tissue homogenates of dermal wounds rats.\
The data were analyzed by density color and displayed as mean ± S.E.M. Significance difference was defined as \**P* \< 0.05 compared to Gum acacia group.](srep38748-f7){#f7}

###### Elemental analysis and spectral characterization for the ligand and its metal complex.

  Ligand Elemental Analysis                                                                Analytical Calculated: C, 64.07; H, 6.79; N, 13.59.
  -------------------------------------------------------------------------------- --------------------------------------------------------------------
                                                                                                   Found: C, 64.02; H, 6.75; N, 13.53.
  IR (KBr)v(OH), 3397; v(C = N), 1576; v(C OO−)1506.                               
  UV-Vis (DMSO), λ max (€ Mol^−1^ cm^−1^):                                          280 nm (9333,(***π*** → ***π***\*); 343 nm (11433, (n → ***π***\*)
  1H-NMR (DMSO-d6) (s, 1H, azomethyne), 8.45 (s, 1H, OH)                                      3.044 (s, 6H, CH3), 7.50--7.24 (4H, ArH), 7.94
  Complex Elemental Analysis                                                                Analytical Calculated: C, 33.93; H, 6.68; N, 7.19
  Found: C, 33.90; H, 6.55; N, 7.00                                                
  IR (ATR cm21)                                                                      v(OH), 3465; v(C = N), 1611; v(C OO−), 1556v(M-N), 596v(M-O)678.
  UV-Vis (DMSO)                                                                       300 (***π*** → ***π***\*); 380 (n → ***π***\*); 520 (d → d\*).
  1H-NMR (DMSO-d6)3.35 (s, 6H, CH3), 6.78--7.02 (4H, ArH), 8.4 (s, 1H, azmthen),   

###### Serum biochemical data for male and female rats intragastrically administered CMLA for 14 days.

  Parameter                                 Sex           Normal          MDLA           MDLA
  ----------------------------------- --------------- -------------- -------------- --------------
  Sodium (mmol/L)                          Male        149.75 ± 2.9   151.5 ± 1.6    150.75 ± 1.4
  Female                               149.73 ± 0.71    152 ± 3.2     151.5 ± 0.58  
  Potassium (mmol/L)                       Male        5.48 ± 0.23      6 ± 1.7       6.17 ± 1.4
  Female                                5.21 ± 0.24     5.5 ± 0.1      5.45 ± 0.3   
  Chloride (mmol/L)                        Male        114.85 ± 2.9   114.5 ± 1.8    113.75 ± 3.1
  Female                                111.3 ± 2.1    112.3 ± 1.6    112.5 ± 4.8   
  Carbon dioxide (mmol/L)                  Male        18.52 ± 3.6    19.72 ± 2.2     19.3 ± 2.5
  Female                                18.45 ± 1.7      19 ± 3.2      18.1 ± 1.1   
  Anion gap (mmol/L)                       Male         21 ± 0.52     22.25 ± 1.3     22.5 ± 2.9
  Female                                22.8 ± 0.2      22.5 ± 3.4     22.8 ± 2.5   
  Urea nitrogen (mmol/L)                   Male         9.03 ± 3.1     9.83 ± 0.7     10.3 ± 0.5
  Female                                9.32 ± 2.8      9.2 ± 1.7      9.8 ± 3.3    
  Creatinine (umol/L)                      Male        23.61 ± 4.5      24 ± 3.2       23 ± 3.9
  Female                                26.01 ± 4.1     23.5 ± 1.8      23 ± 1.5    
  Total protein (g/L)                      Male         57.5 ± 5.6     55.5 ± 2.8    58.75 ± 1.2
  Female                                57.4 ± 0.9      56.5 ± 1.6     57.3 ± 0.2   
  Albumin (g/L)                            Male         13.3 ± 2.7    14.25 ± 1.9      14 ± 1.8
  Female                                12.5 ± 1.7      13.8 ± 1.6     12.3 ± 1.3   
  Globulin (g/L)                           Male        44.42 ± 4.7      45 ± 3.1     44.75 ± 2.6
  Female                                43.5 ± 2.7      43.8 ± 3.2     43.3 ± 3.9   
  Total bilirubin (umol/L)                 Male         2.92 ± 0.2     2.5 ± 0.1       3 ± 0.9
  Female                                 2.5 ± 0.4      2.5 ± 0.1      2.5 ± 0.7    
  Alkaline phosphatase (IU/L)              Male         92.5 ± 8.2    93.25 ± 6.1    92.25 ± 3.3
  Female                                 85 ± 3.9        85 ± 4.1      86.3 ± 5.8   
  Alanine aminotransferase (IU/L)          Male        53.56 ± 4.8    52.75 ± 4.6    54.75 ± 5.2
  Female                                51.3 ± 5.1      50.5 ± 5.8     50.3 ± 3.7   
  Aspartate Aminotransferase (IU/L)        Male         191 ± 9.5     192.3 ± 11.7   190.5 ± 12.4
  Female                                199.4 ± 6.9     201 ± 9.2      200 ± 14.7   

Values are expressed as mean ± SEM. There are no significant differences between groups significant value at P \< 0.05.

###### Time required for wound healing by CMLA in rats.

  Dressing type                      Healing time (days) (Mean + S.E.M)
  --------------------------------- ------------------------------------
  Gum acacia (Vehicle)                          20.13 ± 0.44
  Intrasit gel (standard control)              14.25 ± 0.25\*
  CMLA (10 mg/ml)                              16.00 ± 0.38\*
  CMLA (20 mg/ml)                              13.13 ± 0.29\*

Statistical Analysis of the data were carried out using one way analysis of variance (ANOVA) and Dennett's post hoc test for average comparison on SPSS 18.0. Mean values ±  SEM were used. Significance was defined as \**p* \< 0.05 compared to Gum acacia.

###### Effect of CMLA on percentage (%) of wound healing in experimental rats.

  Vehicles                                                       Percentage of wound healing (Mean + S.E.M)                 
  ------------------------------------------------------------- -------------------------------------------- -------------- --------------
  Gum acacia (Vehicle)                                                          25.19 ± 0.97                  53.29 ± 0.91   82.41 ± 1.05
  Intrasit gel (standard control)[\*](#t4-fn1){ref-type="fn"}                   65.59 ± 1.29                  75.66 ± 1.15   96.46 ± 0.76
  CMLA (10 mg/ml)[\*](#t4-fn1){ref-type="fn"}                                   55.98 ± 0.98                  72.83 ± 0.93   92.82 ± 0.79
  CMLA (20 mg/ml)[\*](#t4-fn1){ref-type="fn"}                                   68.35 ± 0.98                  80.10 ± 1.19   97.83 ± 0.56

Statistical Analysis of the data were carried out using one way analysis of variance (ANOVA) and Dennett's post hoc test for average comparison on SPSS 18.0. Mean values ± SEM were used. Significance was defined as \**p* \< 0.05 compared to Gum acacia.
